On October 6, 2000, a large earthquake occurred in the western part of Tottori Prefecture, Japan. To reveal the crustal structure in the fault area of this earthquake, we conducted aftershock observations using a multi-channel seismic array.
Introduction

The 2000 Western Tottori Prefecture earthquake
On October 6, 2000, a large earthquake with a JMA magnitude of 7.3 occurred in the western Tottori Prefecture of Japan ( Fig. 1.1 
).
Although the earthquake is a shallow large intra-island-arc type event, there are three characteristics different from common large earthquakes. This earthquake occurred in the area where (1) a surface rupture is not clearly observed, (2) no active faults are known, and (3) the maximum shear strain rate is lower than other areas (Geographical Survey Institute, 2001). Fukuyama et al. (2003) relocated the aftershocks by the double-difference method, and they estimated very detailed fault structures activated by the main shock. They resolved 15 individual fault segments that were consistent with both the aftershock distribution and focal mechanism solutions ( Fig. 1.2 ). Iwata and Sekiguchi (2001) analyzed the rupture process of the main shock, and they found that the slip occurred only in the southern part of the aftershock area.
The generation mechanism of such intra-island-arc earthquake is not clarified yet. The heterogeneous crustal structure is one of the key points to understand these earthquakes. To reveal the heterogeneous crustal structure in the fault area of this earthquake, many seismic observations or experiments were carried out. survey using vibrators as a controlled seismic source. They deployed a CDP line located across the fault. They recognized refl ected waves at two-way travel times (TWTs) of 3.5 and 6 s ( Fig. 1.4) . Abe et al. (2001) also conducted a seismic refl ection survey at other CDP lines across the fault. They recognized discontinuous refl ectors converged wedge-wise with a depth at 3 s TWT, and they interpreted that these refl ectors represent the characteristics of the flower structure. Moreover, they found that reflectors existed at a depth of 4 s TWT in the northern part of the fault, but no reflectors at the same depth in the southern part of the fault. This fact indicated that the crust is different in structure between that in the northern part and the southern part of the fault area. Nishida et al. (2002) conducted a wide-angle seismic refl ection survey using vibrators and dynamites as a controlled seismic source. They deployed a CDP line with a length of about 45 km located along the fault. In the southern part of the fault, a refl ector was found at depths of 11 -12 km (A). In the northern part of the fault, refl ectors were found at depths of 13 -14 km, and at a depth of about 27 km (corresponding to the Moho discontinuity). The south-dipping reflector is identified at a depth of about 27 km in the central part of the fault and at a depth of about 34 km in the southern part of the fault, and north-dipping reflector was marked from about 45 km at the southern part of the fault to about 55 km at the central part of the fault. Aftershocks were distributed above the reflector (A) in the southern part of the aftershock area. Aftershocks and refl ectors were distributed shallower in the northern part than in the southern part. This fact indicated that the distribution of the refl ectors corresponded to the aftershock distribution. did not overlap this area with high strength of scattering. They indicated a possibility that the heterogeneity with a wavelength of 100 -400 m affected the rupture process of the main shock. Kawamura et al. (2003) estimated a P wave scatterer distribution. They used four vibrators, which were operated by Kurashimo et al. (2001) , as a seismic source, and off-line recorders, which were deployed by the Joint Group for Dense Aftershock Observation (2001), as seismic receivers. In the vertical cross-section along the main fault, at depths from the surface to 5 -7 km, the scatterer strength was high and the aftershock distribution was poor. Moreover, in the vertical cross-section across the main fault, the area with high scatterer strength did not overlap the area of aftershocks.
Scattering imaging method
Seismic tomography
The Joint Group for Dense Aftershock Observation Since the reason why a surface rupture was not clearly observed is considered to be the effect of the fine-scale heterogeneity in the shallow part of the crust, it is needed to image more fi ne crustal structure.
A new method for imaging the crust
A common midpoint (CMP) refl ection method is widely used to image the heterogeneous crustal structure. A resolution of the CMP method is higher than that of other methods, including a common scatterer point (CSP) method and a seismic tomography method.
Sources and receivers used in the CMP method are located on or near the surface. The sources, such as explosions or vibrators, are controlled in their locations and origin times. The receivers are deployed in arrays. The fold of a CMP gather is the number of source and receiver pairs for each midpoint. This is illustrated in Fig. 1 .5 (e.g. Scales, 1995) , which shows three-fold coverage.
The CMP gathers are transformed into a zero-offset reflection record by normal move-out (NMO) corrections. The NMO corrected traces are stacked to improve signal-to-noise ratios.
The stacked zero-offset record is usually called a stacked time section. The seismic reflection method to obtain the stacked section from the multi-fold CMP records is referred to as the CMP refl ection method.
The CMP method assumes that the refl ectors are horizontally layering. However, the assumption of purely horizontal layering is not the case but layers sometimes dip in the stacked section.
Therefore, a post-stack migration is applied to the stacked section to transform the apparent dip in the zero-offset seismic sections into a true dip.
In contrast, a vertical seismic profi ling (VSP) method consists of recording the waveform at regularly and closely spaced depth Since the sources of the controlled seismology are generally located on the surface, the distance between the aimed refl ector and the source is long. The source generating P wave is easy to be developed, but S t wave source is diffi cult especially for a large energy source. If the natural earthquakes at depth in the crust are used as the sources in the seismic reflection profiling method, it may improve crustal images as compared to the conventional method. The advantages of using natural earthquakes are (1) the distance between the source and the refl ector can be short, (2) the energy of the source is larger than that of the controlled source, and (3) S wave energy is easy to be used. The disadvantage are
(1) the occurrence of earthquakes in the survey area is unknown, (2) the origin time and location of earthquake are unknown to be estimated with inherent errors, and (3) the radiation pattern is also unknown to be estimated from observed data.
In this study, I developed a new method to image the refl ectors using natural earthquakes, and applied the aftershocks of the 2000 Western Tottori prefecture earthquake. Since I used aftershocks as the sources of new method, the fi rst disadvantage is resolved. So, I tried the other two problems by the very accurate observations and stacking the widely distributed earthquakes, which are discussed in the following sections.
Method
Introduction
Seismic sources and receivers in a conventional reflection profiling method are located on or very near the surface. The conventional processing method of surface seismic reflection data incorporates common midpoint (CMP) stacking with normal move-out (NMO) corrections.
Since the natural earthquakes are not located on the surface of the earth, I cannot use the usual CMP method. Therefore, I propose a new method, the Natural Earthquake Reflection Profiling (NERP) method, to image the crust using natural earthquakes. In this chapter, the NERP method is introduced.
NERP method
The main flow of the NERP method is shown in Fig. 2 .1.
The NERP method consists of three steps, (1) quality check of seismic traces, (2) pre-processing, and (3) common reflection point (CRP) transform and re-sampling.
Quality check of seismic traces
In general, the measurements made in geophysical exploration are contaminated by unavoidable noises. These noises are divided into two categories, a natural noise and an artificial noise. Commonly, the most prevalent methods to increase the signal-to-noise ratio of seismic records are (1) to increase the power of the source, (2) to average out the noise by increasing the number of shots, and (3) to move receivers to less noisy locations, if available. In controlled seismic experiments, since the noises were monitored in seismic records by an on-line recording system, the records were edited out in real time.
On the other hand, since the origin time and location of the natural earthquake are unknown in real time, the noises were recorded with earthquakes. To exclude the noise events, all seismic records were processed after the observation. I inspected all the data by eyes and edited them manually.
Pre-processing
The pre-processing consisted of three parts, (1) filtering, (2) time correction, and (3) muting. On step (1), the seismic data was band-pass fi ltered and the automatic gain control was applied to them. On step (2), the correction of the origin time was applied to each seismic trace. On step (3), the direct P-and S-waves were muted.
CRP transform and re-sampling
Since the NERP method uses the natural earthquakes, the seismic sources are not located on the surface of the earth.
Therefore, the refl ection point does not remain at a mid-point of the source and the receiver as the distance between the source A distance between a CRP point and a source in a constant velocity medium is given by , where is a distance between the source and the receiver, D is a depth of a source, and is a depth of an assumed refl ector. Note that if the source is located on the surface, then D is zero and is simply half of . Also, if the refl ector is deep enough to be , then is also a half of . That is, the CRP transform includes the CMP method as a limited case.
For real data with a complex velocity structure, raytracing techniques must be used for calculating CRP points. In the NERP method, we have to assume a mode of traveling wave either as P or S wave for incident and reflected waves:
PP, PS, SP, SS. In the following session, I propose a method to resolve these modes in real data.
Numerical experiment
I assumed a 4-km-long seismic array with a receiver spacing of 50 m. A seismic source was assumed to be located at a depth of 5 km and a horizontal distance of 3 km from the end of the seismic array. Three-layered velocity structure shown in Fig. 2.7 .
I applied the NERP method to the synthetic data assuming PP, SS, SP, or PS refl ections ( S Fig. 2.8) . If I assume the signal is PP refl ection, the refl ected PP wave appears horizontally at a depth P of 11 km, although the other phases SP, PS, and SS appear with S a dip and curvature below the PP waves. Note that the fi rst arrival phases of P-and S-waves, which are indicated by arrowheads with labels (1) and (2) in 
Observation and data
Introduction
The aftershock observations and the refl ection surveys were conducted in the source region of the 2000 western Tottori Prefecture earthquake. In this study, I used the aftershocks to image the crustal structure. I participated in two aftershock observations, a multi-channel aftershock observation and a very dense aftershock observation.
Multi-channel Aftershock Observation
A multi-channel aftershock observation was conducted to reveal the heterogeneous crustal structure in the fault area of this 
Very Dense Aftershock Observation
The Joint Group for Dense Aftershock Observation carried out a dense aftershock observation in and around the source region. Fifty-seven temporary offline stations were deployed.
All the temporary stations were equipped with a 3-component . The hypocenter distribution is shown in Fig. 3 .3.
Analysis and Result
Introduction
The NERP method strongly relies on the origin time and hypocenter of earthquakes, and the background velocity structure. The main flow of the analysis is shown in Fig. 4.1 .
To obtain accurate estimates of origin times and hypocenters 
Quality check of data
Two hundred and ninety-six seismic events are recorded by the multi-channel aftershock observations (Fig. 4.2) . To exclude noisy events, I carefully checked all the trace of recorded events (about 70,000 traces). I selected 81 events among them as good for analyzing. Fig. 4.3 shows the hypocenter distribution of 81 events. Then, I picked the P wave arrivals of each trace and marked noise traces.
Very accurate earthquake relocation
To estimate the accurate origin time and hypocenter, the Joint Hypocenter Determination (JHD) method (Kissling et al., 1994) is applied. The JHD method simultaneously estimates earthquake locations, origin times, a 1-D (layered) velocity structure, and station corrections.
I used an initial 1-D velocity structure with four layers, as shown in Table 4 (Fig. 4.7) . Table 4 .2.
In the second step, the origin times and depths of the other 50 earthquake were re-determined by the JHD method with the station corrections and the 1-D velocity structure determined in the fi rst step. Since these 50 earthquakes were apart from the array, I fi xed the epicenters of the events determined by the very dense aftershock observation data . The RMS of P f wave travel time residuals is reduced from 180 ms to 24 ms (Fig. 4.8 ).
Apply the NERP method
Before applying the NERP method, the seismic data was pre-processed. The pre-processing onsisted of three steps, (1) filtering, (2) time correction, and (3) muting. In step (1), the automatic gain control (AGC) with a time window of 4 s was applied to the data, and the data was fi ltered with a pass-band from 10 to 20 Hz. In step (2), a correction of the origin time between the catalog and the calculation using the JHD method is applied to each seismic trace. The hypocenters or depths of the earthquakes are also corrected according to the previous results.
In step (3), the direct P wave and S wave are muted, and the noisy traces are removed from the data set. The mute length is 1.0 s with both ends of a cosine taper of 0.3 s. Because a trajectory of the CRP transformation lies threedimensionally, I binned traces that are located in the same rectangle, which is defi ne as a bin with the same distance range along the profi le but different distance range perpendicular to the profi le: in the present study earthquakes are distributed basically in a direction of northwest to southeast, which I denote as a y-axis, and I defi ne a x-axis perpendicular to the y-axis (Fig. 4.2) .
I stacked traces that lie in the same bin. I process the data along the y-axis to make a y-depth cross section with stacking all data of the same y-bin with a width of 50 m along the x-axis.
In case of the x-depth section, as the earthquake distributed widely perpendicular to the profi le, I limited earthquakes in the y-direction, which will be described in the later session.
In a PS reflection profile, due to the computing problem S of calculating the travel times, I did not assume the reflectors between depths of the event and 3 km below the event. 
Result
The final NERP reflection profiles along the main fault, 
4.12.
In the southern part of the main fault (Figs. 4.13 -4.16) , no images are found above a depth of 10 km because of no aftershocks. In the other part of the main fault (Figs. 4.17 -4.41) , the following common characteristics are recognized. Above a depth of 5 km, image is poor because of few aftershocks.
Between depths of 5 and 9 km, several reflectors are visible.
Between depths of 9 and 14 km, the reflectors are not clearly found. Below a depth of 14 km, many refl ectors are visible. . In the region between depths of 5 and 9 km, P-wave scatterers are also distributed. The refl ector at a depth of 9 km is the bottom of the scatterer distributions.
The surface geology of this area suggests the intrusive granite is distributed in the studied area ( Fig. 5.3) . Kawamura et al. (2003) suggests that the scatterers are distributed in this intrusive granite ( Fig. 5.4) . In the Sangun metamorphic rocks, which are basement rock, under this intrusive granite, no scatterers are found ( Fig. 5.4) . The refl ector at a depth of 9 km corresponds to the boundary between the intrusive granite and the Sangun metamorphic rocks.
The region between depths of 5 and 9 km has three characteristics, (1) several reflectors are visible in the NERP profi le (Figs. 4.17-4 .41), (2) the P-wave scatterers are distributed ( Fig. 5.4) , and (3) the aftershock distribution is diffused three dimensionally ( Fig. 5.1 ). The heterogeneity of this region is high.
The less-refl ective zone in a depth range between 5 and 9 km
In an area between depths of 5 and 9 km, some less-refl ective zones, hereafter referred to as blank zone, are found (Fig 5.5) .
The defi nition of blank zones is the region in which the refl ectors are not clearly found compared with the vicinity. The size of each blank zone is 1 -2 km in horizontal dimension and 3 -4 km in depth dimension.
Compared with the aftershock distribution, no aftershocks are distributed in these blank zones (Fig. 5.6 ).
In (Fig. 5.8) . The P wave velocity of the blank zone is slightly lower than those in the neighbor area ( Fig. 5.9 ).
All of the characteristics of the blank zones indicate that the blank zone, which is less-refl ective zone, is not brittle fracture but stably slip area. It is possible that the stable slip areas are sprinkled in the upper crust, which may contribute to mechanism that no distinctive surface deformation occurred on the surface.
Conclusions
The The other observation is a very dense aftershock observation carried out by the Joint Group for Dense Aftershock Observation.
Fifty-seven temporary stations were deployed in and around the source region. I used these aftershock data to image the crustal structure in this study.
Widely used method to image the heterogeneous crustal structure is the common midpoint (CMP) refl ection method.
The sources and receivers are located at or near the surface in the CMP method.
Since the natural earthquakes are not located on the surface of the earth, I cannot use the usual CMP method. Therefore, I proposed a new method, the natural earthquake reflection profiling (NERP) method, to image the crust using natural earthquakes. This method strongly depends on the hypocentral location and origin time of earthquakes and the background velocity structure. To estimate these unknown parameters, the Joint Hypocenter Determination (JHD) method was applied.
Then, I applied the NERP method to the data by assuming both PP and P SS d refl ections. Since both S PP and P SS d profi les image S the refl ectors at the same depth, I can interpret that the refl ectors are not the ghost refl ection due to converted waves but the real refl ectors. The results are as follows. Above a depth of 5 km, no image is found because of few aftershocks in shallow depth.
In the depth range from 5 to 9 km, several refl ectors are visible.
Between 9 and 14 km depth, the refl ectors are not clearly found.
Below a depth of 14 km, many refl ectors are visible.
At depths between 5 and 9 km, the aftershocks are diffused three dimensionally. But, at depths between 9 and 14 km, the aftershocks are concentrated around the fault plane. The area, in which the aftershocks are diffused three dimensionally, is refl ective, and vice versa.
At depths between 5 and 9 km are P wave scatterers distributed. The refl ector at a depth of 9 km corresponds to the bottom of the scatterer distributions. The surface geology of this area is intrusive granite, and the scatterers are distributed in this intrusive granite. The reflector at the depth of 9 km is 
